Transfer function characteristics of a DC machine are used in this paper to estimate speed and torque in four quadrant operation modes. Estimation speed and torque control based on a DC machine transfer function is implemented by measuring the DC chopper instantaneous average output voltage and current. MATLAB\SIMULINK is used to implement the DC drive circuit in the forward and reverse motoring and regenerative modes, respectively. The DC drive system is simulated at different speed and load torque values in steady state and dynamic operating conditions. Simulation results demonstrate success of the sensorless and PI controller systems, which gives satisfactory agreements between the estimated, actual and reference speed and torque values.
Introduction
Accurate speed and torque control of a DC machine drive circuit is usually required. In industrial applications, fast and dynamic control of a DC machine drive circuit is very necessary to be developed. This development can be achieved through tracking a high-quality dynamic speed and load torque responses [1] . Also, the performance of power converter circuit and controller techniques has an effect on the DC drive circuit efficiency. Usually proportionalintegral (PI) controller is used to control speed of the DC machines which has ability to keep steady-state error around zero during step change in speed reference value [2] . Adaptive control methods apply to control speed of a DC machine to obtain high speed responses. A fuzzy logic controller presents good speed responses, but selecting the membership functions, rules and scaling factors is considered a difficult matter [3] . On the other hand, artificial neural networks have ability to be trained and adapted with no explanation about what it has learned [2] . In some applications, accurate speed control of a DC machine is required. In this case, speed sensor is usually used to provide speed data which affects on the stability of closed loop system due to characteristics changing. For this reason speed of a DC machine is estimated to avoid speed sensor problems.
In 2013 [4] , neuro-fuzzy controller was designed and used to estimate speed of a DC motor under different speed and torque operation conditions based on instantaneous armature current and voltage. The controller employs artificial neural network technique to tune memberships and set rule bases to estimate speed of the DC machine in the four quadrant operation modes. In 2014 [5] , sensorless speed control of a DC machine was implemented using artificial neural network with instantaneous armature current and reconstructed output voltage as inputs of the controller in the four quadrant operation modes. The estimated speed and torque of a DC motor in the forward and reverse operation modes based on artificial neural network with instantaneous armature current and voltage as inputs was done in 2016 [6] .
In this paper, the sensorless speed and torque control of a separately excited DC motor in the four quadrant operation modes is done depending on DC motor transfer function characteristics and instantaneous output voltage and current to estimate the speed and torque of the DC motor as shown in Figure (1) . The designed estimation circuit is simpler than others.
Modeling of Estimation Speed and Torque Circuit
In order to drive and control speed and torque of a DC motor in the four quadrant operation modes, a DC chopper circuit shown in Figure (1 where T=1/switching frequency and T on is ON time period. The speed, current and torques of the DC Machine are estimated using transfer function characteristics of the DC motor as explained in Figure ( 2). Using the Laplace Transform, the estimated speed (n est ) current (I a-est ) and electrical developed (T e-est ) and load (T L-est ) torques is given as:-
and L a are proportional and integral controller gains, DC machine constant, friction coefficient, moment of inertia, armature resistance and inductance, respectively.
In order to estimate and control speed of the DC motor accurately, load (T L ) and electrical developed (T e ) torques are estimated to get fast speed and torque control responses and agreeable characteristics between the actual, estimated and desired values.
The estimation and control circuit is designed and modeled by MATLAB/SIMULINK in the four quadrant operation modes to evaluate and control speed and torque of the DC machine as shown in Figure ( 3). The speed and load torque of the DC machine is estimated from the instantaneous armature current and terminal output voltage depending on the DC motor transfer function characteristics. The difference between actual and estimated armature current generates input current error of the PI controller, which is produced estimated load torque. The difference between estimated and reference speeds sent to a PI controller and the output compared with the estimated load torque. The results sent to a different PI controller to get the modulation index value to produce the desired PWM pulses as illustrated in Figure ( 3). The PI controllers together produce fast response to avoid high current to flow in the DC chopper circuit. As a result, the designed controller makes speed and torque reach steady state as quick as possible during load torque and speed changing.
Four-Quadrant Operation Modes of the DC Drive Circuit
To explain the four quadrant operation modes of the DC machine, MOSFETs S1 and S2 are controlled and S3 and S4 are switched-off in the forward motoring mode. As a result, the DC voltage applies across the DC machine terminals and the armature current (I a ) will rise. But if S1 is switched-off and S2 remained on, the armature current decays through D4. In the forward regenerative mode, MOSFETs S1, S2, S3 and S4 are switched-off and I a flows in the forward direction. Therefore, the machine operates as a generator and energy returns to the DC source during diodes D3 and D4. In the reverse motoring mode, S3 and S4 are controlled and S1 and S2 are switched-off. The I a rises and flows in reverse direction. However if S3 is switched-off and S4 remained on, I a will fall through S4 and D2. In the reverse regenerative mode, MOSFETs S1, S2, S3 and S4 are turned-off and I a will run in the reverse direction and energy returns to the DC source during D1 and D2 [7] . The four quadrant operation modes are illustrated in the Figure (4) . The forward and reverse motoring and regenerative operation modes is selected using logic comparators to employ as logical switches according to switching states of the MOSFETs of the DC drive circuit in order to drive gates properly as explained in Figure ( 3). 
Simulation Results
In order to confirm the sensorless speed and torque control strategy as described, simulation by MATLAB/SIMULINK model is carried out on a DC machine drive system whose parameters are given in Appendix. The estimated system is designed under different speed and load torque conditions to run the machine in the four quadrant operation modes as shown in Figure (4) .
The speed and load torque responses of the DC machine drive system in the forward and reverse motoring modes individually is shown in Figure ( To clarify the strong point of the designed controller to run the DC machine in the forward and reverse motoring modes at the same time, load torque of the DC machine is dynamically changed between (+T L ) and (-T L ) simultaneously as illustrated in Figure (9) . The sensorless speed and torque follows the reference values and presents good responses. To get four quadrants operation characteristics of the DC machine drive system, speed and torque is controlled in the forward and reverse regenerative modes as illustrated in Figure (10 ). This figure explains that the designed system can control and run the DC machine as a generator in the regenerative modes.
The designed estimation and control circuits of the DC machine drive system is active to work in the four quadrants operation modes and give good responses compared with the actual value which confirms the effectiveness of the sensorless speed and torque control system to follow the required speed and torque. 
Conclusions
Sensorless (estimation) speed and torque control of the DC machine in four quadrant operation modes under different speed and load torque conditions has been presented in this paper. Estimation speed and torque based on transfer function characteristics of the DC motor has been done depending on instantaneous average output voltage and current of the DC chopper drive circuit. Simulation results demonstrated that the designed controller is able to estimate machine speed and torque under different operation modes. The estimated speed and torque has high-quality responses during speed and load torque variations. Also the control circuit is simple with low complexity and produces low errors. The limitation of estimation circuit using transfer function characteristics of DC machines is the parameters of the DC machine. This limitation has been solved by using different PI controllers.
